Very important requirement for the helicopter rotor airfoils is zero, or nearly zero moment coefficient about the aerodynamic center. Unlike the old technologies used for metal blades, modern production involving application of plastic composites has imposed the necessity of adding a flat tab extension to the blade trailing edge, thus changing the original airfoil shape. Using computer program TRANPRO, the author has developed and verified an algorithm for numerical analysis in this design stage, applied it on asymmetrical reflex camber airfoils, determined the influence of angular tab positioning on the moment coefficient value and redesigned some existing airfoils to include properly positioned tabs that satisfy very low moment coefficient requirement.
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Introduction
Numerical aerodynamic design of the appropriate airfoils for the contemporary helicopter main rotor blades is probably one of the most challenging and demanding areas of the computational fluid mechanics. Helicopter main rotor blades in progressive forward flight are subjected to combined cyclic pitching, flapping and leading -lagging motions, at some 250 ÷ 400 cycles (revolutions) per minute. Local blade section velocities are vector sums of the local tangential velocity of the rotating motion and the velocity of the progressive flight, so their angles of attack must change from some -5 o at advancing positions to even +20 o for the retreating ones, in order to obtain the resultant lifting force of the rotor disc in the plane of symmetry of the helicopter. The most important consequences of such airflow conditions are: (1) the tips of the advancing blades reach transonic speeds; (2) the tips of the retreating blades are stalled, and (3) the root sections of the retreating blades are subjected to the inverted flow, coming from the direction of their trailing edge. Unlike aircraft propellers, helicopter rotor blades are very flexible and they are kept spread in flight only by the centrifugal force acting normal to their axis of rotation. Also, the aerodynamic center, center of gravity and aeroelastic axis of all sections along the blade should coincide, or should be at least very close to each other.
Considering that, some of the most important aerodynamic requirements for the helicopter rotor airfoils are: (a) aerodynamic moment coefficient about the aerodynamic center Cm ac must be equal or very close to zero, to prevent the induction of the torsional moment along the blade and too large collective pitch control system forces; (b) critical (drag, moment, etc. divergence) Mach numbers should be reasonably high, to prevent excessive transonic effects at the tips of the advancing blades; (c) maximum lift coefficient and critical angle of attack should be large enough to prevent substantial loss of lift at the tips of the retreating blades (luckily, very quick changes in pitch of the blades enable achievement of higher maximum lift coefficients than in "static" cases, such as on airplane wings or in usual wind tunnel tests, because of the inability of flow to separate so quickly); d) profile drag should be as small as possible with previous requirements satisfied, etc.
Problem Definition
In this paper analyses will be focussed on the first requirement for main rotor airfoil design, stating that the aerodynamic moment about the aerodynamic center must be equal or very close to zero. In practice, two general categories of airfoils are used for helicopters. The first category are symmetrical airfoils, for which this requirement is readily satisfied ( Fig. 1(a) ), with some minor exceptions at higher angles of attack. The second group are the asymmetrical -reflex camber airfoils (Figures 1(b 
, whose positive camber in the nose domain is used to improve airfoil characteristics at high angles of attack. They are characterized by convex shape of the front portion of mean line, which locally generates pitch-down aerodynamic moment. Thus the rear portion of the mean line must be concave, to balance the moment about the aerodynamic center and bring it as close to zero as possible. According to ref. [1] , which currently contains airfoil data for more than 240 existing helicopters, these two categories of airfoils have been almost evenly used in helicopter industry.
Modern technologies imply the use of composite materials in the helicopter blade production, instead of metal (or sometimes even wooden) blades that were used extensively on the helicopters of earlier generations. In order to properly polymerize and merge the plies of the upper and lower composite blade surfaces, a small thin flat tab, of some 5% ÷ 10% relative chord, is added at the trailing edge of the airfoil. For the metal or wooden blades that requirement did not exist. The direction of the tab extension in case of symmetrical airfoils is straight behind, at the zero angle with respect the chord of the original airfoil, and thus the zero Cm ac requirement is satisfied. In case of reflex camber airfoils applied on composite blades (example is shown in Figure 2 ), determination of optimum angular tab position is more complex. Improper selection of the tab angle with respect to the blade chord could alter initially small enough Cm ac of the basic airfoil to larger values that might induce excessive elastic torsion of the blade and change the designed twist angle distribution. The consequence would be the reduction of the overall rotor effectiveness, while in the most extreme cases, large Cm ac could even induce aeroelastic blade divergence and fatal outcome of the flight. This problem could be partially solved by applying additional number of plies and strengthening the blade skin (but also increasing its mass). Even in that case, the increased control forces due to pitching moment could still remain an inevitable problem. So keeping the Cm ac small enough is a necessity.
One of the obvious approaches to this problem is undertaking the extensive wind tunnel tests during which, among the other results, the optimum angular tab position for the required chord length is determined. This is the usual approach in case the high budget helicopter design projects, applied by the companies such as Boeing, Hughes, Aerospatiale, etc. Some of the reflex camber airfoils with the tab included in the geometry shape, obtained by such wind tunnel tests, have been published (and often patent protected, Figure 3 ). Unfortunately, according to the "UIUC Airfoil Coordinates Database Ver. 2.0", published by the University of Illinois [2] , which currently contains data for more than 1550 airfoils, the number of available rotorcraft airfoils with tabs included is still proportionally very small compared with the number of the "pure" rotorcraft airfoils that do not contain tab.
On the other hand, in low budget development programs, characteristic for presently very popular light helicopters, extensive airfoil wind tunnel tests could sometimes overload the available funds. Engineers are often forced to select optimal airfoils for the given helicopter, whose geometry does not include tab, and then add the tab in some of the design stages. Instead of the wind tunnel tests, in such projects it might be less expensive to produce several different blade sets and test them directly on the helicopter prototype, until apparently satisfactory blade behavior from the aspect of aerodynamic moment is reached.
Proper initial estimate of the tab angular position can be one of the factors that could remarkably reduce the overall cost both of the wind tunnel and/or the prototype tests. In the rest of this paper numerical simulation and analysis of the above mentioned initial design stage, assuming static flow conditions, is presented. Tabs of usual relative Figure 2 : Prototype of a light helicopter composite rotor blade; tab is added to the "pure" airfoil shape because of the composite production requirements chord lengths have been added to several "pure" airfoils. The attention is paid to the analysis of influence of the tab angular position on the achieved the Cm ac -s, that may raise beyond the assumed low value limits. Some existing asymmetrical helicopter airfoils have then been redesigned to include properly positioned tabs that satisfy low moment coefficient requirement. Finally, the accuracy of the whole presented numerical modeling algorithm was tested and verified on a symmetrical airfoil, for which the tab optimum position is readily known (δ = 0 o ), Figure 3 : Several rotorcraft airfoils which include tab within their original geometry; the number of such available airfoils is still relatively small.
since it has to preserve the airfoil's symmetry and the zero Cm ac value. program was used for the aviation airfoil analysis and design, for subsonic and lower transonic speed domains. Although the state of the art software of its time due to many qualities it possessed, it has also been the subject to some critics in scientific papers ever since the time of it's issue, and many of its users have developed their own upgraded versions of this program. The author of this paper has had a chance to use Trandes extensively, and from this experience, the TRANPRO computer program has been developed. Both in the Trandes and the TRANPRO computer programs, the zonal approach in airflow calculation is applied. Although nowadays quite classical, such approach is still very successful in many operational engineering applications. The advantage of this approach lies mostly in its extremely high computer resource and time efficiency, while at the same time the accuracy of the results can be brought to more than satisfactory level. In order to achieve this goal with TRANPRO and make it compatible with contemporary commercial software packages, the author has introduced some important changes and modifications to the basic Trandes model, and established algorithms of its optimum use. Some of them are briefly described in section 3.3, while considering mentioned specific aspects of helicopter airfoil design, detailed descriptions and analyses are presented in sections 4 and 5.
Calculation of the inviscid part of the flow
The inviscid part of the flow is calculated over the displacement surface of the airfoil, i.e. the airfoil contour increased by the numerically smoothed local distribution of the δ*. In the TRANPRO, this calculation is done by the same general algorithm as the one applied in Trandes. It is based on the solution of the full nondimensional perturbation potentialφ nonlinear partial differential equation, which in the physical x − z space for the unit airfoil chord length takes the form:
while, applied in the calculation space ξ − η , it changes to:
where f = dξ / dx andg = dη / dz. Specially, in the local supersonic domain, where Jameson's rotated finite difference s − n scheme is used, the governing equation takes the form [3, 4] :
in which:
Very quick convergence of the solution is obtained by calculating the flow on the series of rectangular grids, starting with 13 x 7, then 25 x 13, 49 x 25 and 97 x 49. Very often the final solution is obtained on the 49 x 25 grid, so the finest grid need not be applied, which reduces the computation time. 
Calculation of the viscous effects
In this paper only turbulent boundary layer case with transition point fixed close to the leading edge will be discussed (reasons for that will be explained in the section 4). In Trandes, the Nash-Macdonald integral turbulent boundary layer calculation is used, while in Tranpro, the modified [5, 6] version of this model is applied. The momentum integral equation [7, 8] :
is solved for the momentum thickness θ. In (6), "e" denotes the values on the outer edge of the turbulent boundary layer, while [n] denotes a certain iteration cycle value. Parameter ζ is defined by:
where G is the Clauser parameter. Shape factor H = δ * /θ is calculated by:H
and H
In the modified TRANPRO's numerical model [5, 6] , the Clauser parameters G and β p are related by :
(while in the original Carlson/Nash-Macdonald model used in Trandes, the usual equation of Nash [1, 10] is applied, giving quite inaccurate results). Once θ is determined, turbulent boundary layer displacement thickness is calculated by δ * = H · θ. Finally, the distribution of δ* is smoothed [3, 4] over the airfoil, and so the airfoil displacement surface is obtained.
For the profile (joined pressure and friction) drag coefficient calculations, the modified Squire-Young formula, with the separate trailing edge values for upper and lower surface, is used:
In case of the transonic (supercritical) flow, it is necessary to calculate and add the wave drag coefficient to this value [3, 4, 9] . Otherwise, airfoil drag coefficient is C D = C DP .
Overview of some specific characteristics of the applied software
Compared with Trandes, program TRANPRO developed by the author of this paper, has many additional modules and modifications that give it substantial advantages over the source program, such as: 1) Completely automated trailing edge closure control in the inverse stage of the introduced inverse-direct airfoil design algorithm, based on controlled corrections of the initial pressure distributions initially defined by the user; purely inverse approach of Trandes was prone to giving "U" or "gamma" airfoil shapes, and required manual corrections in pressure coefficient inputs by the user, and the successful outcome was largely influenced by the user's experience in that [3] .
2) Capability of additional automatic corrections of the mean line shape in the direct design stage, in order to generate airfoils that will satisfy required quarter chord moment coefficient value or indirectly the prescribed lift coefficient; this option did not exist in Trandes [3] .
3) Modified boundary layer calculation model, and thus largely improved accuracy in profile drag calculations, giving good agreements with experimental results in wide range of angles of attack; Trandes had problems with profile drag accuracy even at smaller angles of attack [5] , [6] .
4) Improved transonic flow algorithm, that gives stable and unique solutions for the wave drag and does not rely on the "user's experience" factor; on the other hand, Trandes could in some cases give even negative wave drag coefficients, and user had to eliminate this problem by some suggested approaches, whose final outcome also depended very much on his skills [9] , etc.
Application of rectangular grids ( Figure 4 ) has advantages, because the generation of grids is performed using rather simple algorithms, they do not depend on airfoil shape and the results on coarser grids are used to interpolate initial values on finer ones. Such approach gives very quick convergence of the final solution, and thus, on modern computers, TRANPRO's CPU time is reasonably short even for more complex analyses, involving calculations for wide ranges of angles of attack and Mach numbers in a single program run (Trandes could only analyze one angle of attack for one given Mach number in a single run).
On the other hand, the application of such grids also has some disadvantages, that come out from the fact that the airflow parameters on the effective airfoil shape (geometrical shape plus local displacement thickness) must be interpolated, since grid points generally do not coincide with that contour. Because of the applied calculation scheme (Figure 4 ), boundary layer might be slightly "numerically" thickened on one airfoil surface and thinned on the other, compared with their actual distribution, which than induces proportional redistribution of the calculated pressure coefficient, and vice versa, during the viscous-inviscid closed loop iteration procedure. Owing to that, the results are sometimes systematically "shifted" with respect to the experimental values for a given true angle of attack, depending on the basic airfoil shape and airflow parameters. In literature it is known as "the angle of attack systematic error", or "shift", which sometimes might be of the order of 1 ÷ 2 degrees. In case of lift and drag calculations, it can be easily overcome by comparing drag coefficient directly with the lift coefficient, i.e. by polar curve presentation (C D versus C L ), because both parameters are proportionally shifted. In such representation of the results, TRANPRO gives good agreements with the appropriate experimental data [5] .
It should be noted that for a given basic airfoil shape and airflow conditions, eventual shift of the results is quite steady and uniform in a wide range of angles of attack. That is the reason why this kind of numerical behavior is usually rather called shift than error, since the term error often implies quite stochastic and unpredictable scatter in numerical solutions, which is not the case here.
If it appears, the shift is also reflected in the moment coefficient results to a certain extent. Since by its definition the Cm ac does not depend on the angle of attack or the lift coefficient, except at high angles of attack, shift in this particular case could not really be treated as "the angle of attack shift" (maybe "effective shape redistribution", or some similar formulation would suit it better). To calculate Cm ac and the aerodynamic center position, values of Cm 1/4 and C L for two angles of attack must be used. Very important fact about the application of here applied numerical model is that, whatever pair of angles of attack is used, the calculated Cm ac is always practically the same, and the shift in calculated value of this parameter is also quite constant and stable. This enables that, for certain engineering applications, algorithms could be established to eliminate the shift from the calculated value of the moment coefficient about aerodynamic center, and give results that can be used in airfoil design as very reliable for practical engineering purposes. Such an algorithm, introduced by the author of this paper and applied for the analysis of the helicopter airfoil design problem described in this paper, will be demonstrated in the following sections.
4 First stage of airfoil design -evaluation of the influence of tab geometry on the variation of Cm ac As mentioned in section 2 of this paper, trailing edge tab is a necessity in the composite blade production. Although this structure element is added because of the production technology requirements, its existence may affect the aerodynamic behavior of the blade and thus the whole rotor efficiency, if not properly designed and positioned on reflex camber airfoils. Relative chord lengths of the tabs (c t /c) range from approximately 5% in case of large transport helicopters to some 10% for light helicopters. Such small relative chord lengths may sometimes lead the designers to underestimate the tabs' capacity to retrim the initially sufficiently small Cm ac of pure reflex camber rotorcraft airfoils to values that might be improper for this purpose. The problem of initial tab positioning will be introduced by an example of simple theoretical analysis, that will be presented for the NACA 8-H-12 helicopter airfoil ( Figure 5 ). Initially we will suppose that an infinitely thin flat tab of 5% chord length should be added behind the original trailing edge and that it is necessary to define some limits between which the optimum tab position, that will give Cm ac = 0.0000, could be expected. If the mean line would be extrapolated following its trend in the vicinity of the trailing edge, point at 5% behind the airfoil connected with the trailing edge point would give a flat tab angle of some 8.3 o above the chord. For airfoil without the tab, the rear -concave part of the mean line is designed balance the pitch-down moment of its front convex section, so the total moment about the aerodynamic center is nearly zero. With this modification, only the concave mean line portion is extended and the airfoil will be overbalanced nose-up, probably even to an extent that might be unacceptably large for helicopter applications. On the other hand, if the tab would be positioned just straight be-hind as a chord extension, the natural slightly upward oriented flow just behind the trailing edge of the original airfoil in this case would be immediately forced to change direction. As a consequence, an upward oriented reaction force on the tab would be produced, causing overbalancing pitch-down moment about the aerodynamic center. So, the optimum position of the tab on the 8-H
In order to more profoundly evaluate the tab size and angular position influence on Cm ac , the author has redesigned four airfoils widely used in helicopter industry, by fitting them with approximately 0.5% ÷ 0.9% thick flat tabs. Beside the three asymmetrical airfoils -NACA 23012 (ref. [10] ), NACA 8-H-12 (ref. [11] ) and Bell/Wortmann FX 69-H-098 (ref. [2] ), symmetrical airfoil NACA 0012 (ref. [10] ) has also been included in the analysis as a control case, in order to verify the accuracy of numerical calculations and conclusions obtained by them (neutral tab position and some of its influences are readily known for symmetrical airfoils). Airfoils were redesigned by extending them initially for 5% chord behind the original trailing edge (7.5% in case of FX 69-H-098) at an assumed reference angle θ with respect to the chord. Because of the finite thickness, tabs were also extended from trailing edge position towards the leading edge, until they blended with the original airfoil contours. Their heights were adjusted so that blending points were at the same longitudinal position considering upper and lower surfaces. By this, smooth aerodynamic shape at the airfoil-tab junction has been achieved for all airfoil modifications; such general approach is usual in composite blade design. It should be noted that in some cases, in order to simplify the production technology, designers form the tabs simply by squeezing the trailing edge domain of the original airfoil (by which Cm ac is also altered). That approach generates grooves at the upper and lower surface tab junction and, as a consequence, the profile drag is slightly increased. Also, such airfoil forms with discontinuities could cause numerical problems in computational analysis, so they have not been considered in this paper.
Finally, the new airfoils with tabs were scaled to the unit chord length. After that, true tab relative chords were: 7.1% for NACA 0012 and NACA 23012; 9.5% for NACA 8-H-12 and 9.3% for Bell/Wortmann figure 7) . Thus, for each of the four considered airfoils, nine modifications with the tabs were designed and the total of 40 airfoils were prepared for the analysis, including 36 new airfoils with tabs and 4 original airfoils.
After that, the reference airflow conditions were selected. A light helicopter was assumed, in cruising flight at the horizontal speed of 150 km/h. As mentioned in the introduction of this paper, during the cruising flight, helicopter blades are exposed to very intensive dynamic motions including pitching, flapping and leading-and-lagging at some 4÷7 cycles per second, causing vibrations that can readily induce an early transition from laminar to turbulent boundary layer. Although this paper represents the first stage of helicopter airfoil design, in which initially only the static airflow conditions are assumed, this fact was taken into account by fixing the transition point at approximately 5% from the Table 1 . It should be noted that term "tab deflection" in this paper implies angular differences between fixed tab positions of a certain airfoil modification and the basic modification, on which the tab is placed at an angle θ with respect to the original airfoil chord. The analysis of the obtained results should be started with considering the "control case" values, obtained for the NACA 0012 airfoil with tab added. For symmetrical airfoils, zero tab deflection θ & τ = 0 o can be the only correct solution for which Cm ac = 0.0. On the other hand, the calculated value for τ = 0 o is Cm ac = 0.01008, which actually represents the numerical shift of the results for the given basic airfoil shape and airflow conditions, typical for rectangular grids, as explained in section 3.3.
When tab influence on moment coefficient should be analyzed, one of the obvious ways to eliminate shift in obtained Cm ac results is to consider the differences between calculated Cm ac -s for certain tab deflections and the reference zero deflection, instead of considering the actual Cm ac values (in Table 1 " Cm ac calc."). Such differences, the ∆Cm ac values, should be quite "shift free" results because of the similarity of basic airfoil shapes (both tab sizes and deflections are small), which generate almost the same shifts for the same airflow conditions and angles of attack used in the analysis. For symmetrical airfoils, ∆Cm ac for the same tab deflection in positive and negative direction must be exactly the same, only with the opposite sign. Table 1 , is about 0.0035, and it represents the real order of TRANPRO's effective calculation error when such an approach is applied. This level of error is quite small even for Cm ac considerations that are subject of this paper, which shows that obtained results can be trustworthy. In figures 8 & 9 the TRANPRO's results were compared with the analytical values. They were obtained by compressibility corrected thin airfoil theory [12] for the calculation of Cm 1/4 gradient with plain flap deflection and appropriate relative chord lengths, i.e. 7.1% in Figure 8 and 9.5% in Figure 9 , and then applied for the same angles of deflection as in numerical analysis. Theory assumes thin airfoils and inviscid flow, so theoretical gradients are slightly larger than numerically obtained gradients for medium thickness airfoils with boundary layer effects included. Such results are expected, since boundary layers developed on reasonably thick airfoils decrease effectiveness of the thin flat tabs at small angles of deflection. Numerically calculated moment gradient of a thinner airfoil FX 69-H-098 (originally 9.8% thick, before tab was added) is also slightly larger than the gradient of a thicker 8-H-12 (originally 12% thick), for practically the same relative chord, but is still smaller than the thin airfoil theory values ( Figure 9 ).
For each of the considered airfoils there always exists an optimum position of the tab for which moment coefficient about the aerodynamic center is exactly equal to zero. In the starting stage of helicopter airfoil design, in which tab should be added to the basic airfoil, that position is not known in advance, except for symmetrical airfoils. Thus, the angular position of a tab must be initially assumed, and the tolerance level of an error in estimating the optimum angular position of the tab can be evaluated from Figures 8 and 9 . In order to do that, it was necessary to establish a limit Cm ac value, below which moment coefficient could be considered small enough and suitable for applications on helicopter rotors. In the existing literature, such an explicit limit can hardly be found, because it may depend to a certain extent on the actual blade's structural and/or rotor control system design. Because of that, the author has applied a statistical approach to estimate this value. Considering the data for some 240 helicopters that have been in production and operational use until present time [1] , one of the most widely applied medium thickness asymmetrical airfoils is NACA 23012. Its Cm ac [10] is equal to -0.008 for Re = 8 · 10 (although theoretically Cm ac should not be influenced by Reynolds number, in practice small variations exist). The latter value is quite appropriate for airflow conditions characteristic for helicopter rotors, and it has been adopted as a limiting value of small Considering graphs in Figures 8 & 9 , it is obvious that tolerance limits above and below the optimum tab angular position in initial design estimates are actually very small, and range between 1.2 o ÷ 1.6 o in one or the other direction, depending on the airfoil asymmetry, thickness and relative chord of the applied tab. Since the optimum tab position on asymmetrical airfoils can not be known in advance, there is a large probability that initial designs of wind tunnel test models or prototype blades with tabs, produced without any serious prior analyses, may not prove quite satisfactory in the sense of the moment coefficient.
One of the apparent ways to solve this problem is application of numerical analyses for helicopter airfoils redesigned to contain the tab.
On the other hand, since the Cm ac requirement for helicopter airfoils is very strict, the use of computer programs whose accuracy is quite satisfactory in the analysis of the airplane wing airfoils, might sometimes be unreliable in this particular case. Even contemporary and very sophisticated commercial computer packages with very wide domains of application, often possesses a large variety of adjustable input control parameters that must be tuned and tested very carefully and thoroughly for each particular analysis problem, or otherwise their results might also be questionable in operational design work.
In the next section of this paper, the author has tested the capabilities of TRANPRO to be applied in the delicate task of actual determination of optimum tab position that generates sufficiently small moment coefficient about aerodynamic center and satisfies rotorcraft application requirements.
5 Second stage of airfoil design and examples of numerically optimized helicopter airfoils with tabs
Redesign of NACA 23012 and 8-H-12 airfoils with tabs fitted
For numerical design of helicopter airfoils to which tabs should be added and optimized to give small moment coefficients about the aerodynamic center, the NACA 23012 and NACA 8-H-12 public domain airfoils have been chosen (the "legal status" of Bell/Wortman airfoil is presently not known to the author, so its new geometry with tab could not be published in this paper anyway). The 8-H-12 has also been very widely used, specially in light helicopter production [1] . Before determination of the optimum tab position, procedure described in section 4 of this paper must be applied, giving the results as shown in Table 1 . Taking into account already mentioned characteristics and capabilities of TRANPRO, the author has then introduced and applied the following algorithm: Experimental values of Cm ac for the original airfoils were obtained [10, 11] .
Using TRANPRO, Cm ac was calculated for the same original airfoils without the tab. The calculated results were obviously different from the experimental values to a certain extent because of their shift, as discussed in section 3.
If the Cm ac value of the original airfoil should have been preserved, the target value of calculated Cm ac for airfoil redesigned to contain the tab should be the same as obtained in item (B). On the other hand, it was more appropriate to design the airfoil with tab that was supposed to give true Cm ac exactly equal to zero. For that purpose, target value for the calculated moment coefficient was obtained as the difference of the values defined in (B) and (A), giving (C) = (B) -(A). This approach was based on the fact that the shift of TRANPRO's numerical results from experiment is stable and constant for a given basic airfoil shape and airflow conditions, and the assumption that shift of the calculated values for airfoil with the tab would be very close to that of the original airfoil.
For the target value calculated in (C), interpolation of tab position τ that will give same target Cm ac was done.
Using the known initial tab angle θ (Table 1 ) and deflection τ calculated in (D), the angular position of the tab δ with respect to the chord, for which true Cm ac of airfoil with the tab should be zero, was obtained
This algorithm is established in order to eliminate the influence if any eventual inherent systematic errors, or shifts of the results, and give the airfoils whose true moment coefficient about the aerodynamic center will be very close to zero (Figures 10 (a) & (b) ). It can be readily expected that beside the Cm ac , other aerodynamic parameters of the original airfoils will not change very remarkably when tabs are fitted to them (see Table 4 ). On the other hand, existence of the tabs on rotor blades is practically inevitable when composite technologies are applied, and satisfying low moment coefficient requirement in this case is the primary task during the first stage of the airfoil design and analyses, which assumes "static" airflow conditions applied in presented analysis.
Coordinates of the airfoils shown in Figures 10 (a) & (b) are presented in the Appendix. Table 2 : Second stage of airfoil design -determination of optimum angular position of the tab; prior to that, design work and analyses must be done as described in section 4 and Table1.
NUMERICAL DESIGN OF THE TWO ASYMMET-RICAL AIRFOILS WITH TABS ADDED, for required
Cm ac = 0.0 (values "Cm ac calc." as presented in Table  1 , must be calculated first) 
Verification of the presented algorithm
The point which deserves most of the attention in the presented algorithm, contained in item (C), is the assumption that the shift of the calculated results from the true values for airfoils with tabs added will be very close to that of the original airfoils, considering the fact that basic airfoil shapes are quite similar. On the other hand, a small difference in those shifts will cause that the true Cm ac of the airfoils with the tabs added will not be exactly equal to zero, as desired. Determination of the amount of that discrepancy can be used for evaluation the overall accuracy of the presented method. In order to quantify the amount of expected difference in the calculated and true value of the zero moment coefficient about the aerodynamic center, the same procedure has been applied for the symmetrical airfoil NACA 0012. As already mentioned, the actual optimum tab position for this airfoil is δ = 0 o . Results of this verification case are presented in Table 3 and Figure 11 . Obtained result shows the error of 0.43 o in estimated optimum tab angle with respect to the already known true value. It also gives the ∆Cm ac = 0.003, interpolated using column "∆Cm ac " of Table 1 for NACA 0012 airfoil. It should actually Table 3 , could have been avoided in case of symmetrical airfoils, if only the divergence of calculated Cm ac from the target true value should have been quantified. The value ∆Cm ac = 0.003 could be readily obtained as a difference between the calculated Cm ac for the original airfoil (Table 3 , (B)) and for the airfoil fitted with the tab at the already known optimum position (Table 1 , τ = 0 o ). That difference is actually the difference between the TRANPRO's result shifts for airfoil without the tab and its modification with the tab added. When item (C) of the algorithm is applied, it generates a small error of -0.43 o in tab positioning. Mentioned value of Cm ac is well within the posted limits of sufficiently small moment coefficients, and suggests that the expected true values of Cm ac -s for the other two airfoils, presented in section 5.1, should also be sufficiently small and that the rigorous Cm ac requirement would be satisfied to an extent that further adjustments in tab position in later test stages would most probably not be necessary. Figure 11 : Difference between calculated and true optimum tab position for NACA 0012 airfoil in the verification case is well within the tolerance limits
Evaluation of the tab influence on drag coefficient
In this section only a brief insight in the tab influence on drag coefficient of the two newly designed airfoils, presented in section 5.1, will be given. Numerical drag tests were done using airflow conditions for which experimental data [10, 11] for leading edge roughness case were available. Results are presented in Table 4 This leads to conclusion that the obtained amount of reduction in profile drag must be influenced primarily by the decreased effective relative thickness of the new airfoils, while the influence of tabs on variation of the drag coefficient in this case is practically negligible. This supports the assumption stated in section 5.1 that, beside the Cm ac , other aerodynamic parameters of the original airfoils, such as minimum drag, maximum C L /C D ratio etc, will not change remarkably when tabs are fitted to them.
Conclusion
In the process of design or redesign of asymmetrical rotorcraft airfoils that should be fitted with tabs for the composite blade production purposes, primary attention must be focused on preservation of nearly zero moment coefficient about the aerodynamic center. In the preliminary analysis stage, the author has fitted tabs to several airfoils operationally used in helicopter blade production, which initially did not have them and then, using computational analysis, quantified the influence of the tab's size and possible angular position ranges on the variation of their Cm ac values. The tolerance limits of Cm ac for rotorcraft airfoils, in this case established using statistical approach, proved to be very narrow. This analysis has shown that, although the usual relative chord lengths of the tabs are proportionally small, the domains of acceptable Airflow parameters used both in experiment and in numerical analysis
Nominal angles of attack, used in numerical analysis 0.0099 ref. [10] 0.0104 ref. [10] 0.0100 ref. [11] 0.0112 ref. around the optimum one. Since the optimum angular tab position, that will give exactly zero Cm ac value, can not be known in advance for asymmetrical airfoils, these results have also proven that tab positions in such kind of airfoil design should by all means be first predefined by numerical analysis, involving special attention and care, before undertaking any further more expensive and time consuming design stages.
The obtained results also imply that the influence of eventual inherent numerical errors of applied software on the results must be reduced to an absolute minimum. For that purpose, in this paper an original approach has been established and applied using the author's computer program TRANPRO for redesign of the several asymmetrical airfoils. This program has many advantages over the source NASA-Trandes code, from which it has been derived, although both programs use rectangular grids for airflow calculations. Such grids are very favorable from the aspect of their generation, but sometimes they are prone to induce the "shift of the results" systematic numerical error. In the existing publications, ways to eliminate it for C L and C D coefficients are well known. On the other hand, for Cm ac calculations, this problem becomes much more complex. Here presented original algorithm has been established in a way that eventual "shift" errors in subsequent steps practically cancel out, and the final results contain a very small inevitable numerical error, which to a certain extent exists in all kinds of software nowadays. Using this algorithm, the two asymmetrical rotorcraft airfoils have been fitted with the tabs with the optimum positions determined. Then, the same algorithm has been applied and verified on a symmetrical airfoil (control case), for which the optimum tab position is readily known, proving that the presented approach can give very useful and reliable results. Although here applied on a particular software, the general concept of presented approach can be used with any other computer program in order to achieve the highest possible accuracy, required in helicopter airfoil design. Neki praktični aspekti u kompjuterskom projektovanju aeroprofila za lopatice glavnih rotora helikoptera UDK 534.14 Jedan od veoma važnih zahteva koji aeroprofili rotora helikoptera treba da ispune jeste da koeficijent momenta oko aerodinamickog centra mora približno biti jednak nuli. Za razliku od starijih tehnologija, korišćenih u proizvodnji metalnih lopatica, savremene izvedbe koje se baziruju na primeni plastičnih kompozita zahtevaju da se na izlaznoj ivici doda ravan repić,čime se menja izvorni oblik aeroprofila. Uz pomoc kimpjuterskog programa TRANPRO, autor je razvio i verifikavao algoritam za ovu fazu projektovanja, namenjen promeni na nesimetričnim aeroprofilima sa srednjom linijom u obliku latiničnog slova "S", kvantifikavao globalni uticaj ugaonog polozaja repića na promenu momenta oko aerodinamičkog centra, a zatim reprojektovao nekoliko aeroprofila kojima je dodao repić na takav način da je zahtev za malom vrednošću ovog koeficijenta momenta u potpunosti ispunjen.
